Summary We examined the relationship between β-glucosidase and peroxidase activities and xylem lignification in the stems of Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.) and silver birch (Betula pendula Roth) during the 1999 growing season. Examination of stem cross sections stained with safranin and Alcian blue for lignin and cellulose, respectively, indicated that radial growth of pine and spruce xylem began in late May, whereas the growth of birch xylem was initiated 2 weeks later. Lignification began soon after thickening of the newly formed cell walls, i.e., upon deposition of cellulose. Hydrolysis of the synthetic β-glucosidase substrate pnitrophenyl-β-O-D-glucopyranoside was correlated with radial growth and lignification in the xylem of both conifers, but the relationship between lignification and the hydrolysis of coniferin by β-glucosidase was not obvious. β-Glucosidase activities in the xylem of silver birch were low and did not correlate with growth or lignification with either substrate. An increase in peroxidase activity was detected at the initiation of growth and lignification in the conifers and during growth and lignification in silver birch, but high peroxidase activities were also measured outside the growth period during late autumn, winter and early spring.
Introduction
Lignin is a major component of cell walls in woody plants. It is a condensation polymer of p-coumaryl, coniferyl and sinapyl alcohols, which are also called monolignols. In gymnosperms, guaiacyl subunits derived from coniferyl monolignols form the majority of cell wall lignins, whereas angiosperm lignin consists of both guaiacyl and syringyl (sinapyl) subunits.
Lignin biosynthesis proceeds by two distinct events, monolignol biosynthesis and polymerization of the monolignols. In plant cells, monolignols are synthesized by the phenylpropanoid pathway (for a review see Whetten and Sederoff 1995 , Dixon et al. 2001 , Humphreys and Chapple 2002 and transported to cell walls where they are polymerized to lignin.
It has been suggested that coniferin, a glycosylated form of coniferyl alcohol (CA), is a storage metabolite or the transported form of CA Torres-Serres 1967, Terazawa and Miyake 1984) . The glycosidic residue of coniferin must be removed to provide free CA for lignin polymerization. β-Glucosidases catalyze the hydrolysis of a variety of glycosides, including coniferin, and have been detected in and purified from tree seedlings (Marcinowski and Grisebach 1978) and lignifying xylem of mature gymnosperms (Leinhos et al. 1994 , Dharmawardhana et al. 1995 .
Peroxidases (class III, EC 1.11.1.7), laccases (EC 1.10.3.2) and catechol oxidases (E.C.1.10.3.1) are candidates for the oxidative polymerization of monolignols in plant cell walls, and these enzymes have been purified from wood and characterized (Bao et al. 1993 , Furtmuller et al. 1996 , Savidge et al. 1996 , Christensen et al. 1998 , McDougall 1998 , Ranocha et al. 1999 . Because of the large number of peroxidase isoforms in xylem tissues and the nonspecific nature of these enzymes, it has been difficult to identify which peroxidase isoforms are responsible for lignin polymerization in wood. Recently, Christensen et al. (2001) showed that two anionic peroxidases from poplar (Populus trichocarpa Torr. & Gray) oxidize the sinapyl alcohol analogue syringaldazine in developing xylem, which suggests that these enzymes participate in lignin polymerization in vivo.
It has long been known that coniferin accumulates in relatively large amounts in coniferous wood and that the accumulation coincides with activation of the cambium, and hence with the beginning of growth (Freudenberg and Harkin 1963 , Terazawa and Miyake 1984 , Savidge 1989 . In addition, the activity of the coniferin synthesizing enzyme UDP-glucose: coniferyl alcohol glucosyltransferase (CAGT) (EC 2.4.1.111) is correlated with cambial activity in pines (Savidge and Förster 1998, Förster et al. 2000) . Polle et al. (1997) have shown that peaks in soluble peroxidase activity were related to periods of bark and xylem lignification in Norway spruce shoot axes. However, the significance of β-glucosidases and peroxidases in lignification is not yet clear. In this study, we followed high salt-extractable (soluble and ionically cellwall-bound) β-glucosidase and peroxidase activities and lignification during xylem formation in stem samples of two gymnosperms, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.), and one angiosperm tree species, silver birch (Betula pendula Roth), throughout the growing season in southern Finland to study possible correlations between these enzyme activities and lignification.
Materials and methods

Wood material
Wood material was collected from the Ruotsinkylä Experimental Station of the Finnish Forest Research Institute in southern Finland (60°21′ N, 24°58′ E). The stands were naturally regenerated, so trees represented wide genetic variation. Five trees each of Scots pine (approximately 25 years old, dbh ≈ 9 cm), Norway spruce (approximately 12 years old, dbh ≈ 3 cm) and silver birch (approximately 15 years old, dbh ≈ 5 cm) were felled once per month during the winter (from January to April) and twice a month during the growing season beginning in May 1999. Stem samples (20 cm axial length) were sawn (0.5 m from the ground) and stored at -20°C until used for protein extraction. For histological preparations, 3-year-old shoots of the trees were collected, placed immediately in liquid nitrogen and stored at -20 °C until assayed.
Protein extraction
The outer xylem (three youngest growth rings) of the stem discs was separated from the phloem and bark tissues. This portion, which contains both developing and mature xylem, was chosen in order to obtain similar wood samples throughout the entire study period. Although peroxidases are known to remain active for a long time in fully lignified tracheids (Fagerstedt et al. 1998) , any increases in enzyme activities in our samples can be attributed to the fraction of live cells near the cambium. Xylem was cut into matchstick-sized pieces and milled (Analytical mill A-10, Kinematica, Littau-Lucerne, Switzerland) in liquid nitrogen to a fine powder. The powder was extracted in 50 mM Tris-maleate (Sigma, St. Louis, MO) extraction buffer, pH 7.7, with 5 mM Na 2 EDTA (Titriplex III, Merck, Darmstadt, Germany), 1 mM CaCl 2 (Merck), 10 mM Na 2 B 4 O 7 (Merck), 1 M NaCl (Merck), 1 mM dithiothreitol (Sigma), 2 mM phenylmethylsulfonyl fluoride (Sigma) in isopropanol, and 1.5% (w/v) polyvinylpolypyrrolidone (Polyclar AT, Gap Corporation, New York, NY) to obtain both soluble and ionically cell-wall-bound proteins. All reagents were of analytical grade.
The wood powder (3 g fresh mass) was extracted twice, first with 10 ml and then with 5 ml of the extraction buffer, on ice in a shaker and filtered through two layers of Miracloth (Calbiochem, La Jolla, CA) after each extraction. The combined extracts were centrifuged for 45 min at 4°C at 6500 g to remove cell wall remnants. The supernatants (10-12 ml) were desalted on Sephadex PD-10 columns (Pharmacia, North Peapock, NJ), eluted with 1:10 diluted extraction buffer and concentrated to approximately 500 µl using concentrating tubes (10,000 MW cut-off; Macrosep, PALL-Filtron, Northborough, MA and Vectaspin, Whatman, Kent, U.K.).
Coniferin synthesis
Coniferin ((E)-3-(4-β-D-glucopyranosyloxy-3-methoxyphenyl)-prop-2-en-1-ol) was synthesized from acetobromoglucose and vanillin. The acetobromoglucose was prepared by acetylation of D-glucose (Sigma) followed by treatment with hydrogen bromide in glacial acetic acid (Fletcher 1963) . Glycosylation and Wittig-type reactions followed by bromine and acidic treatments yielded the pure E-isomer of coniferaldehyde tetra-O-acetylglucoside, as described by Daubresse et al. (1998) . The coniferaldehyde tetra-O-acetylglucoside was reduced to the corresponding alcohol with NaBH 4 . Sodium borohydride (20 mmol) was added slowly to a solution of coniferaldehyde tetra-O-acetylglucoside (10 mmol) in tetrahydrofuran (50 ml) and methanol (30 ml) at -10°C. After stirring at 0°C for 2 h, saturated NH 4 Cl was added to the mixture, followed by 2 N HCl. The mixture was extracted with methylene dichloride, and the extract was washed with distilled water, dried over Na 2 SO 4 and evaporated to dryness. Tetra-O-acetylconiferin was purified on silica gel with 1:1 ethyl acetate-toluene. The protecting groups of tetra-O-acetylconiferin were removed by deacetylation with sodium methoxide in methanol. After stirring the reaction mixture for 2 h, Amberlite IR-120 (H + ) resin (Rohm and Haas, Philadelphia, PA) was added and the mixture was filtered and evaporated to dryness. The product, coniferin, was collected from methanol as a white powder (62% overall yield). All reagents, unless otherwise stated, were manufactured by Fluka (Buchs SG, Switzerland).
Protein content determination
Protein concentrations were determined using the Bio-Rad (Hercules, CA) microassay (Bradford 1976 ) with bovine serum albumin (Sigma) as a standard.
Enzyme activities
β-Glucosidase activities were first assayed by measuring hydrolysis of the synthetic substrate p-nitrophenyl-β-O-D-glucopyranoside (4-NPG; Sigma). To confirm the detected activity pattern, assays were repeated with synthesized coniferin, a more natural substrate. The standard assay (Dharmawardhana et al. 1995) , containing 10-20 µl of protein extract, 2 mM substrate and 0.2 M Mes-NaOH, pH 5.5 in a final volume of 0.5 ml, was incubated at 30°C for 30 min. The reaction was terminated by addition of an equal volume of 0.5 M CAPSNaOH, pH 10.5. Controls without protein extract were used to exclude non-enzymatic cleavage of substrates. Absorbance of the released aglycone was measured spectrophotometrically (Shimadzu UV-2100, Tokyo, Japan) at 325 nm for CA and 400 nm for 4-nitrophenol. Quantitative calculations were based on specific extinction coefficients of 7.0 mM -1 cm -1 and 19.3 mM -1 cm -1 for CA and 4-nitrophenol, respectively. Peroxidase activities were measured spectrophotometrically (Shimadzu UV-2100) with two substrates, guaiacol and CA (Fluka), in the presence of hydrogen peroxide by following the increase in absorbance at 470 nm with guaiacol (modified from Pütter 1974) and the decrease in absorbance at 264 nm with CA (Kärkönen et al. 2001 ). The guaiacol peroxidase assay contained 0.5-10 µl of sample, 10 mM guaiacol, 400 µM H 2 O 2 and 4 mM CaCl 2 (Merck) in 50 mM sodium tartrate buffer, pH 5. The CA peroxidase assay contained 1-10 µl of sample, 100 µM CA and 250 µM H 2 O 2 in 45 mM sodium citrate buffer, pH 5. Quantitative calculations were based on the specific extinction coefficients 12.1 mM -1 cm -1 for guaiacol oxidation and 14 mM -1 cm -1 for CA oxidation.
Isoelectric focusing gel electrophoresis
Peroxidase isoenzymes in the xylem protein samples were analyzed in 0.5 mm thin flat bed isoelectric focusing (IEF) gels containing 4% acrylamide/bis-acrylamide and 2% Ampholine (Pharmacia), pH range 3.5-10. Peroxidases were visualized with 10 mM guaiacol (Fluka) in 0.1 M citrate phosphate buffer, pH 5, in the presence of 10 mM CaCl 2 (Merck) and 0.003% H 2 O 2 .
Histological preparations
Sections 16 µm thick were cut from the xylem samples with a Leitz (Wetzlar, Germany) 1516 cryomicrotome at -14°C. The sections were stained with safranin-Alcian blue (1% safranin (Merck) in 50% ethanol for 1 min followed by 1% Alcian blue (Sigma) in 0.05% acetic acid containing 0.04% formaldehyde), rinsed with water, dehydrated in an ascending alcohol series, rinsed with xylene and mounted in Canada balsam (Merck). The presence of lignin in the wood cell walls was determined with the aid of an Olympus (Tokyo, Japan) BX-60 light microscope equipped with an Olympus C-35AD-4 camera.
Results
Radial growth and lignification in Scots pine, Norway spruce and silver birch
According to the histological sections (Figure 1 ), growth of Scots pine xylem began after May 12, and by May 28 there were several layers of newly formed xylem cells, initiating from the cambial zone, and the cell walls contained cellulose (blue) but not lignin (red). Lignification was initiated before May 28 in the cell corner middle lamellae, directly after thickening and deposition of cellulose (blue) at the cell walls in the newly formed xylem. Growth and lignification continued until September, and by September 3, some unlignified cell walls were still present. In the samples collected on September 17, distinct layers of mature wood cells with lignified (red) and thick cell walls, unlignified (blue) ray parenchyma cells and a thin cambial zone ( Figure 1 ) were apparent, indicating that growth was completed. Xylem growth and lignification in Norway spruce also began in mid-May, and growth continued until August (Figure 1) . In the xylem sections taken on September 3, we observed that cell division had ceased and all the cell walls were lignified.
In silver birch, the initiation of development of new xylem cells began as late as June 10 and both xylem growth and lignification were completed by the end of July (Figure 1 ).
β-Glucosidase and peroxidase activities in xylem of Scots pine
β-Glucosidase activity measured as the hydrolysis of 4-NPG (4-NPG β-glucosidase activity) per gram of fresh mass increased significantly in xylem of Scots pine in late May when radial growth of xylem was initiated, whereas a significant increase in 4-NPG β-glucosidase activity per unit total protein was observed 1 month earlier, in April (Figure 2 ). Per gram of fresh mass, but not per unit total protein, 4-NPG β-glucosidase activity decreased significantly at the end of xylem growth in September. β-Glucosidase activity measured as the hydrolysis of coniferin (coniferin β-glucosidase activity) (Figure 2 ) was much lower than 4-NPG β-glucosidase activity, and there were two maxima during the growing season: from early May to late June and in early September. In early June, coniferin β-glucosidase activity decreased significantly and remained low until late August.
Peroxidase activities were much higher than β-glucosidase activities in xylem of Scots pine (Figure 3) . Coniferyl alcohol and guaiacol peroxidase activities (Figure 3 ) per unit total protein in Scots pine xylem were high by January, then decreased significantly until March and again in late May. There were no statistically significant variations in peroxidase activities per gram of xylem fresh mass during winter or early spring, but in late May, peroxidase activities increased significantly when xylem growth was initiated. Guaiacol peroxidase activities decreased significantly again in early June, and thereafter both guaiacol and CA peroxidase activities gradually increased. Peroxidase activities increased suddenly and significantly in early September, but decreased again in mid-September, when xylem growth was completed (Figure 3) .
Isoelectric focusing gels stained with guaiacol to detect peroxidases (Figure 4) showed that there was some isozyme variation between trees. The two most basic isozymes were present in Scots pine xylem throughout the detection period. An increase in acidic peroxidases (pI 5-6) occurred as peroxidase activities increased in late summer and autumn.
β-Glucosidase and peroxidase activities in xylem of Norway spruce
The 4-NPG β-glucosidase activity, both per gram of fresh mass and per unit total protein (Figure 5 ), increased significantly on May 28 when radial growth of Norway spruce xylem began, and decreased significantly in early September when TREE PHYSIOLOGY ONLINE at http://heronpublishing.com XYLEM ENZYMES IN LIGNIFICATIONxylem growth was finished. As in Scots pine, coniferin β-glucosidase activity in Norway spruce ( Figure 5 ) was lower than the activity with 4-NPG, and increased at the initiation of radial xylem growth; however, this increase was not statistically significant. Furthermore, coniferin β-glucosidase activity in the xylem of Norway spruce decreased significantly in early July and again in mid-September, after xylem growth was finished.
As in Scots pine, peroxidase activities in Norway spruce xylem ( Figure 6 ) were much higher than β-glucosidase activities. In particular, guaiacol peroxidase activities per unit total protein were already high by January and varied significantly during early spring. Guaiacol peroxidase activities per gram of fresh mass (Figure 6 ) increased significantly in early May, before initiation of xylem growth, and continued to increase in late May when xylem growth began. Coniferyl alcohol peroxidase activities in Norway spruce xylem (Figure 6 ) also increased at the initiation of xylem growth, but this increase was not statistically significant. Peroxidase activities in xylem of Norway spruce, like those in Scots pine xylem, increased significantly in August and September, at the end of the radial growth period.
The IEF gels stained with guaiacol ( Figure 7) revealed that, as in Scots pine, the basic peroxidases were present in Norway spruce xylem throughout the detection period, and only the relative amounts of acidic peroxidases varied in the xylem. If only spring, summer and autumn are considered, the most acidic peroxidases were present during the period of growth and lignification. However, these enzymes were also visible in spruce xylem during winter in January and February.
β-Glucosidase and peroxidase activities in xylem of silver birch
β-Glucosidase activities in silver birch xylem were generally much lower than those in the two conifer species (Figure 8 ). Activities with 4-NPG (Figure 8 ) per gram of fresh mass significantly increased in early spring and remained constant until September. When calculated per unit total protein, peroxidase activities with 4-NPG showed two significant maxima: in late May, just before radial growth of xylem was initiated, and in August, after xylem growth was completed. Coniferin β-glucosidase activities (Figure 8 ) per gram of fresh mass of silver birch xylem had three maxima-in early May, in June, and in late August and early September-but the only statistically significant change in coniferin β-glucosidase activity was the decrease in early September. Peroxidase activities ( Figure 9 ) were relatively high in January, and then decreased until March. Guaiacol and CA peroxidase activities (Figure 9 ) increased significantly again in April and May, before xylem growth was initiated. Peroxidase activities decreased in early June, but significantly increased again in late June during xylem growth. As observed in the two gymnosperm species, peroxidase activities in silver birch xylem increased significantly from late summer to autumn.
Most of the dominant peroxidases in guaiacol-stained gels ( Figure 10) were acidic isoforms, which seemed to be present in birch xylem throughout the detection period. The increase in peroxidase activity detected during radial growth of birch xylem was a result of an increase in acidic peroxidases. The TREE PHYSIOLOGY ONLINE at http://heronpublishing.com high activity in the autumn was caused by an increase in peroxidase isozymes with pIs of approximately 5.5-6 and 8.5.
Discussion
In our study, cambial activity, i.e., production of new xylem, began approximately 2 weeks earlier in the two gymnosperm species (Picea abies and Pinus sylvestris) than in the angiosperm species (Betula pendula). Silver birch is a deciduous tree and thus produces new leaves every spring, using storage carbohydrates as an energy and carbon source (Piispanen and Saranpää 2001) . Therefore, radial growth of xylem is not initiated before new leaves begin to photosynthesize, compensating for the energy consumed during cambial growth. Growth of silver birch xylem was completed by July, which would enable the collection of storage carbohydrates for the next spring (Piispanen and Saranpää 2001) . In the two evergreen conifers, xylem growth was not finished until September.
As observed in the histological sections, newly formed xylem cell wall layers were lignified soon after growth ceased. However, it has previously been shown that lignification of latewood in pine continues until the following spring and the lignin content in Norway spruce shoot axes increases at a low rate even in winter (Donaldson 1987 , Polle et al. 1997 . Although it is known that safranin color changes from red to pink when the amount of lignin in the cell wall increases (Von Aufseß 1973, Srebotnik and Messner 1994) , the small increases in the amount of lignin in this study during late autumn 982 MARJAMAA ET AL.
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Enzyme activities calculated per unit protein content differed from those calculated per unit fresh mass, especially during winter and spring when the protein concentration varied most. Hence, in our study, the values calculated per unit fresh weight better reflect the physiological status of the tissues. The xylem extracts in this study contained both soluble and ionically cell-wall-bound proteins. Our preliminary studies have shown that further extraction of xylem powder with enzymes that degrade cellulose, hemi-cellulose and pectin releases only small amounts of peroxidase activity (data not shown), which is in accordance with results obtained by Tsutsumi et al. (1998) . However, a portion of protein remains bound to the cell walls after extraction with high salt buffer, and thus seasonal variations in these tightly bound proteins could not be detected in this study.
The distinct patterns of β-glucosidase activity obtained with different substrates are supported by the results of Marcinowski and Grisebach (1978) , Leinhos et al. (1994) and Dharmawardhana et al. (1995) iferin-specific β-glucosidases in Norway spruce and two pine species. Coniferin-specific β-glucosidase activities have been reported to be low in the developing xylem of Pinus banksiana Lamb. (Leinhos et al. 1994) and Norway spruce (Marcinowski and Grisebach 1978) , which corroborates our results. The relatively low activity of coniferin-specific β-glucosidase may be responsible for the accumulation of coniferin in xylem and perhaps reflects a regulatory role for this enzyme (Leinhos et al. 1994 ). In the angiosperm species, silver birch, β-glucosidase activities with either substrate were much lower than in the gymnosperms.
In the two conifer species, the significant increase in 4-NPG β-glucosidase activities per unit fresh mass coincided with the initiation of xylem growth and cell wall lignification. The relationship between coniferin β-glucosidase activity and the beginning of xylem growth was less clear. In Norway spruce xylem, coniferin β-glucosidase activities per unit fresh mass gradually increased once radial growth began, but in Scots pine, the coniferin β-glucosidase activities started to increase before radial growth of xylem began. However, none of these increases were statistically significant. In addition, in the two conifer species, a significant decrease in coniferin β-glucosidase activity occurred in the middle of the growing season in July. Apart from the actual decrease in the amount of β-glucosidase in xylem tissue, the decrease in β-glucosidase activity in the high salt protein extracts may have been a result of covalent binding of β-glucosidases to the cell walls. The acidic cell-wall-bound coniferin-specific β-glucosidase in Norway spruce seedlings reported by Marcinowski and Grisebach (1978) was not completely soluble in 0.6 M NaCl.
Guaiacol and CA peroxidase activities per unit fresh mass increased at the beginning of growth and lignification in the 984 MARJAMAA ET AL.
TREE PHYSIOLOGY VOLUME 23, 2003 Each value represents the mean of five trees + standard deviation. Statistically significant differences between two values in the time series (t-test) are represented by gray (P < 0.05) and dashed (P < 0.001 (---); P < 0.01 (---)) lines. xylem of Scots pine. Peroxidase activities in Scots pine xylem were similar with both guaiacol and CA, indicating that the same enzymes consumed both substrates. The gradual increase in peroxidase activities in Scots pine later during the growing season probably reflects the increasing amount of young xylem tissue in the samples. In Norway spruce and silver birch, peroxidase activities were slightly different with guaiacol and CA, and enzyme activity patterns were more complex than in the xylem of Scots pine. Norway spruce peroxidase activities increased at the initiation of xylem growth, but the increase was statistically significant only with guaiacol. The increase in silver birch peroxidase activities occurred early in the spring before radial growth of xylem was initiated, and thus is likely to have originated from the ray parenchyma cells. However, immediately after the beginning of radial growth, peroxidase activities in silver birch xylem again increased significantly, coinciding with rapid lignification of new xylem.
Similar to the results previously reported by Polle et al. (1994 Polle et al. ( , 1997 for Norway spruce and Fagerstedt et al. (1998) for Scots pine, peroxidase activities increased in both conifers and in silver birch xylem in autumn. Relatively high xylem peroxidase activities were also found in these tree species during the winter in January and February. The rate of lignin biosynthesis in trees during winter in Finland is probably low as a result of freezing temperatures, and the function of these high peroxidase activities remains unknown.
As seen in the IEF gels stained with guaiacol, the most abundant peroxidase isoforms in the xylem of gymnosperm trees were the basic isoforms, whereas in silver birch, the acidic peroxidase isoforms were more dominant. However, it was difficult to relate specific isoforms to the period of lignification in any of the species, partly because of the high stability and long turnover time of peroxidases in wood. As mentioned previously, peroxidases can exist in an active form even in heartwood (Stich and Ebermann 1988, Fagerstedt et al. 1998) .
We conclude that 4-NPG β-glucosidase activities were positively correlated with radial growth in conifers, whereas participation of coniferin β-glucosidases in lignification of new xylem was not apparent. In silver birch, the β-glucosidase activities were low with both substrates and seemed not to correlate with either growth or lignification. Increased xylem peroxidase activities were detected during radial growth and lignification in all of the species studied here, but xylem peroxidase activities were also high during other periods and thus may be related to physiological phenomena other than lignification. 
